This mini-review highlights the involvement of PP2C (protein phosphatase type 2C) family members α and β in apoptosis. The activity of these isoenzymes can be stimulated by unsaturated fatty acids with special structural features, e.g. oleic acid. Those fatty acids capable of activating PP2Cα and PP2Cβ in vitro induce apoptosis in various cell types as shown here for neurons and endothelial cells. Using RNA interference to reduce the amount of PP2Cα and PP2Cβ results in cells significantly less susceptible to the apoptotic effect of oleic acid. Increased endothelial cell death is considered to be an initial step of atherogenesis. Thus activation of PP2C by physiological unbound ('free') unsaturated fatty acids (liberated from lipoproteins) could represent a crucial mechanism in the development of atherosclerosis.
Introduction
Reversible and mostly multiple phosphorylation of proteins is a crucial mechanism that is used in eukaryotic organisms to regulate all kinds of cellular processes. Kinases and phosphatases manipulate the phosphorylation status of their substrates, thereby regulating regulatory proteins. Quite often, kinases and phosphatases themselves are additionally subject to reversible phosphorylation. Approximately 500 kinases and 150 phosphatases are encoded by the human genome (for reviews on reversible phosphorylation, see [1] [2] [3] ).
PTPs (protein tyrosine phosphatases) are one huge branch of protein phosphatases. The other superfamily acts on serine/threonine residues and can be subdivided into two categories. (i) PPP (phospho protein phosphatase) members include types 1, 2A, 2B, PP4, PP5 and PP6 and many more, which are defined by distinct amino acid sequences. (ii) PPM (protein phosphatase magnesium-dependent) enzymes are characterized by their requirement for Mg 2+ or Mn 2+ ions for activity. PPM comprises PP2C (protein phosphatase type 2C) and pyruvate dehydrogenase phosphatase (for a classification of protein phosphatases, see [4] [5] [6] ). Until now, 14 different PP2C genes have been identified in mammalian cells with distinct localization, molecular mass and function, yet all are characterized by the requirement of Mg 2+ or Mn 2+ ions for activity. Sequence analysis and alignments revealed the conservation of 11 motifs within eukaryotic PP2C family members [7] . The purpose of this brief review is to highlight some recent advances in our understanding of the physio-
PP2Cα and PP2Cβ
Identification of PP2Cα (PPM1A) and PP2Cβ (PPM1B) traces back to the 1980s [8, 9] . The prototype 42 and 45 kDa proteins share 75% amino acid sequence identity [10] . They are the most abundant and best-studied members of all PP2C isoenzymes. In the meantime, two splice variants were found for the α-isoenzyme (36 and 42 kDa) and six splice variants for 2Cβ (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) . PP2C enzymes are touching a variety of substrate classes, e.g. kinases, receptors, channels and transcription factors, thereby affecting quite diverse physiological effects, e.g. stress response, metabolism and cell cycle. By far the most is known about the substrates of PP2Cα and PP2Cβ; however, the other 2C isoenzymes are increasingly coming into play. The present knowledge of substrates of PP2C is summarized in Table 1 . A review on PP2C is not available in the literature. 32 P-labelled casein is the classical substrate for determination of PP2C activity in vitro [48, 49] . Using such an assay does not allow us to differentiate among 2C isoenzymes. Phosphopeptides can also be used as substrates; however, the behaviour of PP2C is different, e.g. altered bivalent cation dependence of PP2Cα and PP2Cβ [50] . Whether or not PP2Cα and PP2Cβ might act on a certain phosphoprotein is predictable to some extent [51] . Interestingly, PP2Cα and PP2Cβ are more active on phosphothreonyl peptides as compared with their physiological, otherwise identical, counterparts. An explanation on a molecular level is still missing.
Except for chelating Mg 2+ and Mn 2+ cations by EGTA or addition of Ca 2+ ions at a high concentration, no reagent is known to inhibit the activity of PP2Cα and PP2Cβ. The inhibitors of serine/threonine protein phosphatases such as okadaic acid, microcystin, tautomycin or inhibitor proteins I1 [47] and I2 have no effect on PP2C isoenzymes. Knockout mouse models are not available. At present, no reagent is available to specifically inhibit any of the PP2C family members. Searching for such a tool remains a challenge. One is left, at present, with RNAi (RNA interference). This option has proved successful [29, 52] . Surprisingly, little is known about the regulation of PP2Cα and PP2Cβ. (i) Regulatory or targeting subunits have not been identified. (ii) The α isoenzyme was reported to undergo phosphorylation by protein kinase CK2 [53] . Nothing is known about the reverse reaction. (iii) Long ago, dimerization was suggested [54] . Although this had been neither proved incorrect nor verified, PP2Cα and PP2Cβ are described in the literature as monomeric proteins. (iv) Inhibition by Ca 2+ ions was observed in several cases. However, the concentration applied was considered too high to account for physiological relevance [55, 56] . This accumulation of unsolved problems (plus the lack of an inhibitor) are the major reasons for PP2C being neglected among the otherwise soaring development of protein phosphatase research.
Activation of PP2Cα and PP2Cβ by fatty acids
For more than 20 years, the activity of PP2Cα and PP2Cβ was determined in the presence of very high Mg 2+ concentrations, 20 mM or more. It is now known that the same specific activity can be achieved at a physiological concentration of 0.5-1.5 mM Mg 2+ provided unsaturated long-chain fatty acids are present [49] . The activities of PP2Cα and PP2Cβ can be stimulated 10-15-fold by certain lipophilic compounds. The structural requirements for such activators comprise a minimum chain length of 15 C atoms, at least one double bond in a special position, and cis-configuration. The carboxy group is crucial as well. Overall, PP2Cα and PP2Cβ revealed a most remarkable selectivity for the chemistry of their activators.
Specificity was also observed on the enzyme and substrate levels. The formation of unsaturated fatty acid esters allows us to differentiate the activation concerning PP2Cα and PP2Cβ (esters do not activate) compared with PP5 (esters stimulate to the same extent as the unbound acid). Activation of PP2Cα and PP2Cβ requires the integrity of a protein substrate [e.g. casein and BAD (Bcl-2/Bcl-X L -antagonist, causing cell death)]; it is not detectable with phosphopeptides [50] .
PP2Cα and PP2Cβ are both sensitive to stimulation by unsaturated fatty acids. The extent of activation is slightly more expressed in the α isoform. There is evidence, however, that not all members of the PP2C family are susceptible to activity changes induced by unsaturated fatty acids (M. Dworak, S. Klumpp and J. Krieglstein, unpublished work). This is not surprising considering that PP2C-like enzymes from plants, e.g. MP2C from Medicago sativa, are even inhibited by unsaturated fatty acids [57] . On the other hand, the type-2C phosphatases from plants, e.g. ABI1 from Arabidopsis thaliana, are dependent on Mg 2+ ions for activity. The C-terminal domain of the protein is related to PP2Cα and PP2Cβ, whereas the N-terminal extension contains an EF-hand calcium-binding site [58] . So far, nothing is known about the effect of unsaturated fatty acids on PP2Cs from bacteria or on the homologue identified in archaea.
Degeneration of neurons by PP2Cα and PP2Cβ
The phosphorylation state of the pro-apoptotic protein BAD contributes to cell survival [59] . Dephosphorylation of phospho-Ser 112 , -Ser 136 and -Ser 155 in BAD was shown to induce cell death. In the meantime, the number of phosphorylation sites within the 18 kDa BAD protein has reached seven and they are somewhat clustered within the C-terminal moiety of the protein. Many kinases and phosphatases are involved so that the hierarchy has not been resolved yet.
PP2Cα and PP2Cβ are capable of dephosphorylating at least four of the phosphorylation sites of BAD, including phospho-Thr 117 [60] . Dephosphorylation of BAD by PP2Cα and PP2Cβ can be stimulated by lipophilic compounds as described above, e.g. oleic acid [61] . To test whether PP2Cα and PP2Cβ are involved in triggering the death machinery in vivo, we started working on cell-culture systems. Knowing about the presence and co-localization of BAD with PP2Cα and PP2Cβ in neurons, we focused on the cell line SH-SY5Y and on primary cultures prepared from the cerebral cortex or hippocampus of embryonic and postnatal rats respectively. The results obtained essentially were the same: addition of lipophilic compounds capable of stimulating PP2Cα and PP2Cβ activity resulted in cell death. This was detected microscopically by monitoring changes in morphology and counting condensed chromatin after staining of the nuclei with Hoechst 33258. In contrast, lipophilic reagents not effecting PP2Cα and PP2Cβ were not harmful to the cells. Staining with the dye Nile Blue was used to monitor uptake of the lipophilic compounds into the cells (Figure 1 ). These control experiments revealed that the difference observed (whether cell death occurred or not) was not due to different loading of the cells with lipids, and thus could be attributed to the chemistry of the lipids instead.
This correlation, activation of PP2Cα and PP2Cβ with the induction of apoptosis, was studied in more detail using RNAi technology. Cells harbouring an artificially reduced amount of PP2Cα and PP2Cβ protein were significantly less susceptible to cell death by unsaturated fatty acids [29] . This is evidence that what had been considered a striking correlation at first glance finally extends to a causal relationship between activation of PP2Cα and PP2Cβ with apoptosis.
The nature of fatty acids and their potency to stimulate PP2Cα and PP2Cβ are crucial, whereas BAD might be just one of several substrates of PP2Cα and PP2Cβ in cell death signalling. Indeed, PP2Cα and PP2Cβ have been shown to be involved in p53 signalling pathways [36] and in stress-activated protein kinase cascades [62] . The link from PP2C to stress response obviously had been well conserved throughout evolution. PP2C was shown to regulate stress response in fission yeast [63] and to be involved in stress response the plant kingdom [64] .
Endothelial apoptosis by PP2Cα and PP2Cβ
We started working on HUVECs (human umbilical-vein endothelial cells) mainly for two reasons. (i) To check whether the causal link between PP2Cα and PP2Cβ and cell death discovered in neurons is restricted to those cells or are possibly of broad relevance. (ii) In physiological terms, it is quite unlikely that neurons in vivo might meet the fairly high concentration of unsaturated fatty acids required for activation of PP2Cα and PP2Cβ. In contrast, endothelial cells are known to encounter massive amounts of fatty acids. This occurs after cleavage of lipoproteins and uptake of the fatty acids released. Under pathological conditions and excessive lipoprotein content, the locally achieved unbound ('free') fatty acid concentration persists at a high level.
Enzyme activity determination revealed the presence of PP2C in HUVECs and in macrophages. Immunocytochemistry not only demonstrated the presence of BAD in those cells but also showed co-localization of BAD with PP2Cα and PP2Cβ in the cytosol of HUVECs (Figure 2 ) and macrophages. This was the minimum prerequisite for dealing with a physiologically meaningful response. We were left with the question of whether unsaturated fatty acids as they are found in the human body might activate PP2Cα and PP2Cβ, thus possibly triggering cell death. For that purpose, we studied the effect of lipoproteins isolated from human blood [65] . VLDL (very-low-density lipoprotein), LDL (low-density lipoprotein) and HDL (high-density lipoprotein) neither activated PP2Cα and PP2Cβ nor were those lipoproteins harmful to the cells. Lipoproteins VLDL, LDL and HDL in the presence of a lipoprotein lipase, however, did activate PP2Cα and PP2Cβ. Concomitantly, cell death was observed. This can be explained by activation of PP2Cα and PP2Cβ by unsaturated fatty acids liberated from the lipoproteins by lipase treatment. Indeed, HPLC technology revealed oleic acid and linoleic acid as the major constituents of unsaturated fatty acids from lipoproteins. This may represent a mechanism of atherogenesis: unsaturated fatty acids from lipoproteins activate PP2Cα and PP2Cβ, thereby inducing apoptosis of endothelial cells. Indeed, endothelial dysfunction is considered to be an initial step in the development of atherosclerosis.
Conclusion
Our studies of PP2Cα and PP2Cβ within the field of neurodegeneration and neuroprotection have taken an unexpected turn. The concentrations of unsaturated fatty acids required to activate PP2Cα and PP2Cβ and necessary for the induction of cell death directed us to endothelial cells and into the field of atherosclerosis.
PP2C enzymes had been neglected and treated as 'black sheep' phosphatases for many years mainly because nothing was known about activators and inhibitors, except for the dependence on Mg 2+ ions. The inhibitor site still has not been resolved, although people currently are trying hard to find it [66] . Now that we know about the activators (unsaturated fatty acids) and have learned about the consequences (endothelial apoptosis), this may finally put PP2Cα and PP2Cβ back on stage as an interesting target to possibly prevent and treat atherosclerosis.
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